Sharp metallic nanotapers irradiated with few-cycle laser pulses are emerging as a source of highly confined coherent electron wave packets with attosecond duration and strong directivity [1] [2] [3] [4] [5] [6] . The possibility to steer, control or switch such electron wave packets with light 7 is expected to pave the way towards direct visualization of nanoplasmonic field dynamics [8] [9] [10] and real-time probing of electron motion 11, 12 in solid-state nanostructures 13, 14 . Such pulses can be generated by strong-field-induced tunnelling and acceleration of electrons in the near-field of sharp gold tapers within one half-cycle of the driving laser field 1,2,5 . Here, we show the effect of the carrier-envelope phase of the laser field on the generation and motion of strong-field-emitted electrons from such tips. We observe clear variations in the width of plateau-like photoelectron spectra characteristic of the subcycle regime. This is a step towards controlling the coherent electron motion in and around metallic nanostructures over ultrashort lengths and timescales.
, escaping the local near-field within less than half an optical cycle (for an overview of the different regimes, see Supplementary Section 3). Here, we study for the first time the influence of the CEP of the driving field on the generation and motion of strong-field-emitted electrons from such sharp gold tips. When illuminating ultra-sharp nanometre-sized gold tapers with few-cycle near-infrared pulses, we observe a sensitive dependence of the electron acceleration dynamics on the CEP. Control of electron motion by the phase of a strong light field, which is of key importance for coherent control of high-harmonic generation (HHG) 16, 21, 22 and attosecond streaking 7, 23, 24 in gases, is here extended to single solid-state nanostructures.
We study photoemission from sharply etched, single-crystalline gold tapers 25 . These tapers have a radius of curvature as low as 5 nm and are characterized by a large optical field enhancement factor of 9 and a short decay length of the local near-field at the taper apex of 2 nm (ref. 5) . Few-cycle near-infrared pulses are generated by difference frequency mixing of the outputs from two independently tunable non-collinear optical parametric amplifiers (NOPAs) 26 . The set-up provides passively CEP-stabilized pulses with a centre wavelength tunable between 1.3 and 1.9 mm. Their duration of 14 fs, corresponding to 2.6 cycles at 1.65 mm, is measured by interferometric frequency-resolved second-harmonic autocorrelation (Fig. 1b) . The pulses display a high CEP stability with fluctuations of 66 mrad (root-mean-square) over a 600 s interval (Supplementary Section 2). The pulses, with their CEP controlled via a pair of fused silica wedges (Fig. 1c) , are tightly focused to a diameter of 2 mm on the gold tips by an all-reflective objective 27 . We first investigated the effect of laser intensity on the electron yield using incident pulses of up to 700 pJ energy (Fig. 2a) . Assuming a field enhancement factor of f ¼ 9 (ref. 5), the peak intensity at the tip is then varied from 0 to f 2 . I ¼ 74 TW cm 22 , corresponding to a local peak field strength f . E 0 at the tip apex of up to 23.6 V nm 21 . At low intensities we observe a steep nonlinear increase in yield that is characteristic of MPI 6 . The order of nonlinearity of 7.5 matches well with an estimated workfunction of gold of F ¼ 5.5 eV and an average photon energy of 0.7 eV (l ¼ 1.65 mm). At higher intensities above 15 TW cm 22 , the order of nonlinearity begins to decrease and saturation of the yield is observed. This is one of the signatures of the transition from MPI into a strong-field emission regime 19 . This transition appears for a Keldysh parameter g = F √ / 2U p of 0.9, where U p is the ponderomotive energy U p = ((efE 0 ) 2 /4mv 2 ). The transition is accompanied by a distinct change of the corresponding photoelectron spectra. The narrow emission spectra characteristic of MPI broaden considerably with increasing intensity until we see an essentially plateau-like kinetic energy spectrum (insets, Fig. 2a ). This spectral shape is a definite signature of strong-field acceleration of photoemitted electrons within the steep near-field gradient at the tip apex 1, 5 . Simulations of the energy spectra within a modified threedimensional Simpleman model 5 show that the energetic width of the plateau-like spectra is given roughly by 1.2U p . This provides a measure of the local field strength at the tip apex and, by comparison with the incident pulse intensity, we can estimate a field enhancement of f ≈ 9 (Supplementary Section 5). In these simulations we assume that electrons are generated only during negative cycles, E(t) , 0. Electrons are emitted from a thin layer near the metal surface and are accelerated away from the tip 28 . We take an analytical model for the optical near-field distribution around the apex. The local generation yield is deduced from a FowlerNordheim equation, and the ejected electrons are accelerated as classical particles within the temporally oscillating and spatially varying near-field. We find that the energetic shape of the spectra depends sensitively on the decay length of the local near field l F and on the quiver amplitude l q = 2U p / mv 2 ( ) of the lightdriven electrons. Only in the subcycle regime, d ¼ l F /l q , 1, are electrons accelerated out of the near-field within less than one half-cycle 1, 5 and plateau-like spectra emerge (Fig. 2a , top left inset). From the width of the spectra we can therefore deduce both U p and l q and estimate a near-field decay length of 2 nm for our sharp gold tapers (Supplementary Section 5).
Interferometric autocorrelation (IAC) measurements, which detect the electron yield as a function of the time delay between incident pulses, show a few narrow emission spikes with a width less than 1 fs (Fig. 2a, right inset) . The measurements agree well with simulations assuming 2.6 cycle pulses and electron generation during negative half-cycles only. We also assumed that the generation yield follows the same intensity dependence as in Fig. 2a . The simulations indicate electron emission during the central two cycles of the laser pulses. Both the IAC measurements and the observation of plateau-like spectra can be taken as an indication of a prompt release of electrons from the metal tip. A temporally delayed emission process, possibly due to fast electron relaxation, would result in substantial changes to the spectral shape.
We now study the effect of CEP variations on the kinetic energy spectra in the transition region between MPI and strong-field emission, for a local field strength of f . E 0 ≈ 11 V nm 21 . Figure 2b presents a series of 60 electron spectra recorded while varying the CEP by more than 6p. In this regime we find pronounced variations of the total electron count rate of 50%, while the spectral shape remains unaffected. This may be ascribed to the strong nonlinearity of the electron yield when assuming that electrons are released during negative half-cycles only.
Very different CEP effects are seen in the strong-field regime. CEP-dependent spectra were recorded with 16 fs pulses with a higher local field amplitude of f . E 0 ≈ 15 V nm 21 ( Fig. 3a) . In this regime we find that the effect of the CEP on electron yield is much less pronounced, reflecting the saturation of the electron yield. Instead, marked variations of the high-and low-energy cutoffs of the plateau-like spectra are observed. Comparing spectra for Df CEP ≈ 3p and Df CEP ≈ 4p, we see a variation of the high-energy cutoff by more than 0.5 eV (Fig. 3b) . The variation of the low-energy cutoff is less pronounced and amounts to 0.2 eV. Plotting both quantities as a function of the CEP variation, clear out-of-phase oscillations and thus a narrowing and broadening of the spectrum with a period of 2p, that is, the oscillation period of the laser field, can be seen (Fig. 3c) . The periodicity is confirmed by Fourier transforms (Fig. 3d ) of the quantities plotted in Fig. 3c . Also, the total electron yield oscillates with the laser period, with a reduced modulation contrast of 10%. The measurements present the first observation of CEP effects on the optical-field emission and near-field acceleration of electrons from an individual metallic nanostructure. Their generation and acceleration mechanism is distinctly different from the above-threshold photoemission studied previously 4 . To account for these observations, we make use of the modified Simpleman model introduced above and study the effect of the CEP of a 2.6-cycle pulse at 1.65 mm (Fig. 4a) on electron generation and motion. We describe the local near-field in the vicinity of the tip by f ≈ 9 and a decay length of 2 nm, values deduced experimentally. Of key importance are the acceleration of optical field-emitted electrons within spatial near-field gradients at the tip apex, and their dependence on the CEP and the birth time of the electron (Dt B ¼ t B 2 t 0 ) with respect to the negative amplitude maximum of the driving laser field at t 0 . This acceleration is particularly pronounced for electrons emitted during the main cycle with maximum negative field amplitude.
Electrons with terminal kinetic energies close to the high-energy cutoff are emitted with birth times 2p/2v , Dt B , 0. Representative trajectories for Dt B ¼ 2p/2v are shown in Fig. 4b . Evidently, these subcycle electrons are essentially accelerated only during the main half-cycle. They move along the field lines at the taper apex, escaping the near-field region before being back-accelerated during the subsequent positive half-cycle. Hence, their velocity remains constant at later times and their terminal kinetic energy is given by the near-field acceleration during the initial half-cycle. Recollisions, important for less sharp tips 4 , are strongly suppressed. Variation of the CEP affects the local field amplitude at the apex and therefore changes the terminal kinetic energy. A maximum energy is acquired for the highest field amplitude and thus for f CEP ¼ 0. Variation of the high-energy cutoff therefore mainly reflects the CEP-dependence of the strong-field acceleration of subcycle electrons within the spatial near-field gradient.
In the case of a spatially homogeneous driving field such as in conventional HHG, electrons with E kin ≈ 0 are generated near Dt B ¼ 0. Here, the forward and backward acceleration during the positive and negative half-cycles effectively cancel out. Because of the large generation yield near Dt B ¼ 0, this results in the emission of a large number of slow electrons. CEP variations therefore mainly affect a small fraction of electrons with higher energy 29 , and lowenergy electrons are virtually unaffected. For sufficiently sharp tips, the strong near-field gradient breaks the symmetry between forward and backward acceleration. Accordingly, the slowest electrons are released for slightly positive Dt B ≈ 0.1p/v (Fig. 4c) . The net acceleration of these electrons is mainly gained during the second cycle after their emission. Their kinetic energy therefore reflects the field amplitude during the subsequent negative halfcycle. This amplitude depends on the CEP of the laser, thus explaining the CEP effect on the low-energy electrons.
Simulations of CEP-dependent photoelectron spectra (Fig. 4d ) confirm this scenario when assuming a sufficiently short decay length ( 2 nm). They account for the plateau-like shape of the ) . b, Time evolution of the velocity of subcycle electrons emitted at the beginning of the main cycle, that is, at Dt B ¼ 2p/2v for f CEP ¼ 0 (red curve) and for f CEP ¼ p (blue curve). In both cases, the electrons are mainly accelerated during the initial half-cycle and no quiver motion is seen. c, Velocity evolution for two electrons emitted from pulses with f CEP ¼ 0 (red curve) and f CEP ¼ p (blue curve) but for Dt B ¼ 0.1p/v. Acceleration is mainly gained during the second cycle. d, Simulated kinetic energy spectra I(f CEP ,E kin ). e, Representative kinetic energy spectra, I(0,E kin ) and I(p,E kin ), shown as red and blue curves, respectively. f, High-energy cutoff extracted from d, following a sine function, and g, out-of-phase variation of the low-energy cutoff, resembling a saw-tooth function. spectra (Fig. 4e) , revealing the dominant contribution of subcycle electrons to the emission process. The marked periodic modulation of the high-energy cutoff (Fig. 4f ) reflects the variation of the maximum field amplitude at the tip surface with CEP.
These simulations suggest that electrons are released from a very small area ( 10 nm 2 ) near the tip apex within a fraction of an optical cycle ( 1 fs). One may therefore expect that space-charge effects 30 can influence the electron spectra and their CEP variation. Experimentally, we measured count rates of 1-3 electrons per pulse, indicating that a small number of electrons may be released within a single cycle. We tested space-charge effects in our simulations by allowing for the random generation of a finite number of electrons and by classically evaluating the repulsive forces among those electrons and their attraction to image charges (Supplementary Section 7) . With an increasing number of electrons, we find a broadening and splitting of the kinetic energy spectra into two peaks, because the faster electrons are pushed forward by the cloud of slower electrons. Also, there is a clear increase in the angular distribution of the electron spectra because trajectories are becoming randomized by electron-electron collisions. Specifically, these simulations predict that the shape of the photoelectron spectra depends quite sensitively on the CEP. In contrast, in Fig. 3 we observe plateau-like spectra with a shape that is largely independent of the CEP. We take this as an indication that CEP effects in Fig. 3 are governed by phasedependent variations of the strong-field acceleration of subcycle electrons rather than by space-charge effects.
Taken together, our results present the first demonstration of CEP effects on the optical field emission of electrons from a single metallic nanostructure. The CEP controls the local amplitude of the near-field during the generation cycle and therefore the electron acceleration within the near-field gradient on a subcycle timescale. We believe that such field-driven control of the electron motion in the near-field of solid-state nanostructures can be seen as a new form of quantum electronics, paving the way towards the generation, measurement and application of attosecond electron pulses.
Methods
Tip fabrication. The single-crystalline gold tapers were fabricated from polycrystalline gold wires (99.99%) with a diameter of 125 mm (commercially available from Advent Research Materials). After cleaning in ethanol, the wires were annealed at 800 8C for 8 h and then slowly (over another 8 h) cooled to room temperature. These annealed wires were then electrochemically etched in HCl (aq. 37%). For etching, rectangular voltage pulses with a frequency of 3 kHz and a duty cycle of 10% were applied between the wire and a platinum ring serving as the counterelectrode. The tip shape was inspected by scanning electron microscopy.
Experimental set-up. Spectrally tunable, few-cycle near-infrared pulses with a stable and controllable CEP were generated by difference frequency generation of pulses from two NOPA stages 26 . Pulses from a Ti:sapphire regenerative amplifier (Newport, Spitfire Pro) with energy of 0.5 mJ, duration of 120 fs, repetition rate of 1 kHz and centre wavelength of 800 nm were split into three parts to form the pump sources for white light generation and, after frequency-doubling, for the two NOPA stages. White light was generated in a 2-mm-thick sapphire plate and split into two parts, each part overlapping with a pump pulse in one the NOPA stages. Each stage consisted of a 1-mm-thick, type-I beta-barium borate (BBO) crystal cut to sustain amplification from 540 nm to 650 nm, and from 870 nm to 890 nm, respectively. Both output pulses were collinearly aligned and temporally overlapped in a 0.3-mm-thick, type-II cut beta-barium borate (BBO) crystal to generate the difference frequency, resulting in passively CEP-stabilized pulses as short as 14 fs, tunable between l ¼ 1.3 and 1.9 mm, and with a pulse energy of up to 220 nJ. The CEP stability was checked in a conventional f-to-2f interferometer. The CEP of those pulses was controlled with a pair of fused silica wedges. A pulse pair with controllable inter-pulse delay was generated in a dispersion-balanced Michelson interferometer and focused onto the metal tips to a spot size of 0.6l/NA by an all-reflective objective 29 with a numerical aperture of NA ¼ 0.5 under an angle of 908 with respect to the tip axis. Electrons emitted from the tip were monitored simultaneously by a microchannel plate detector and a photoelectron spectrometer (Specs Phoibos 100, aligned along the tip axis) to measure their yield and kinetic energy spectra, respectively. Data recording. To measure the electron yield, the microchannel plate was used and the laser intensity was varied by changing the arm length of the Michelson interferometer. The intensity scan was repeated 35 times, and the averaged curve is shown in Fig. 2a . To measure the CEP-dependent kinetic energy spectra, the photoelectron spectrometer detector was used and the CEP was controlled by wedge insertion. High-frequency noise from the NOPA was removed by using a zero-phase second-order Butterworth filter with a cutoff frequency of 3.5 eV 21 (Fig. 2b) .
